INTRODUCTION {#SEC1}
============

Phase variation, the high frequency ON/OFF switching of gene expression, is a common feature of host-adapted bacterial pathogens such as *Neisseria meningitidis* ([@B1]). In a series of recent studies we have reported that phase variation of expression can occur in N^6^- adenine DNA methyltransferases (Mod) as a result of hypermutation of simple DNA repeats within the open reading frame (ORF), which leads to frame-shift mutations and the ON/OFF switching of Mod expression. The resulting changes in methylation of the genome lead to global changes in gene expression. These [phase vari]{.ul}able regul[ons]{.ul}, phasevarions ([@B2]), have been reported in a range of bacterial pathogens (reviewed in [@B3]) such as *Moraxella catarrhalis* ([@B4],[@B5]), *Haemophilus influenzae* ([@B6]), *Helicobacter pylori* ([@B7]) and the pathogenic *Neisseria*, where they have been demonstrated to control expression of surface antigens and virulence factors ([@B8]), and lead to altered phenotypes such as antibiotic resistance ([@B9]). Recent work has shown that similar randomly switching epigenetic regulation systems also occur in major Gram-positive pathogens, including *Streptococcus pneumoniae* ([@B10]), indicating that phasevarions are key regulators of virulence and immunoevasion in many of the bacterial pathogens that have a major impact on human health.

In *N. meningitidis*, two distinct Mod proteins have been studied in detail, ModA (exemplified by M.NmeMC58I and M.Nme77I) ([@B8]) and ModD (exemplified by M.Nme573I) ([@B11]). The genes encoding each of these Mod proteins have different alleles based on distinct amino acid sequences in their DNA recognition domain ([@B12]). Consequently, the Mod alleles defined by these distinct DNA recognition domains will likely methylate different DNA sequences, and distinct changes have been observed in expression profile analysis of the ModA11 (M.NmeMC58I), ModA12 (M.Nme77I) and ModD1 (M.Nme573I) phasevarions ([@B8],[@B11]). DNA methyltransferases from different strains are classified as the same Mod allele if they have ≥95% identity in the DNA recognition domain. Particular ModA alleles have been shown to generate the same regulatory phenotype in different strains ([@B8]), therefore, for simplicity, the ModA or ModD allele name associated with a regulatory phenotype is used in this study. Furthermore, the ModX nomenclature is used, rather than the standard nomenclature ([@B13]), to distinguish these regulatory DNA methyltransferases from the non-regulatory (non-phase variable) methyltransferases that are associated with functional restriction-modification systems.

Investigations of the mechanism of epigenetic regulation of the genes in these phasevarions have been limited, as the target site for these Mods is unknown. Here we present the identification of the target specificities of these key enzymes from four meningococcal strains (Table [1](#tbl1){ref-type="table"}) using single molecule, real-time (SMRT) methylome analysis ([@B14]).

###### Summary of DNA methylation by ModA11, ModA12 and ModD1

  Mod allele^a^   Name^b^      GenBank accession (ORF) \[strain: DRD coordinates\]        Methyltransferase specificity
  --------------- ------------ ---------------------------------------------------------- -------------------------------
  ModA11          M.NmeMC58I   NC_003112.2 (NMB1375) \[MC58; 1400838--1401437\]           5′-CGY^m6^**A**G-3′
                                                                                          
  ModA12          M.Nme77I     CP007667 (B6116/77_01704) \[B6116/77; 1732514--1733201\]   5′-AC ^m6^**A**CC-3′
                                                                                          
                  M.Nme18I     AM421808 (NMC1310) \[FAM18; 1298475--1299159\]             
                                                                                          
                  M.Nme579II   CP007668 (M0579_00017) \[M0579; 17651--18336\]             
                                                                                          
  ModD1           M.Nme579I    CP007668 (M0579_01779) \[M0579; 1890047--1890626\]         5′-CC ^m6^**A**GC-3′

^a^DNA methyltransferases from different strains are classified as the same Mod allele if they have ≥95% identity in the DNA recognition domain. Particular ModA alleles have been shown to generate the same regulatory phenotype in different strains ([@B8]), therefore, for simplicity, the ModA allele name associated with this regulatory phenotype is used in this study.

^b^Each DNA methyltransferase identified from a particular *Neisseria spp*. strain is named according to standard nomenclature ([@B13]) and is deposited under this name in REBASE.

MATERIALS AND METHODS {#SEC2}
=====================

Bacterial strains and growth conditions {#SEC2-1}
---------------------------------------

*N. meningitidis* strains MC58 ([@B15]), B6116/77 ([@B16]), FAM18 ([@B17]) and M0579 ([@B18]) are used in this study. MC58 *modA11* ON, B6116/77 *modA12* ON ([@B8]) and M0579 *modD1* ON ([@B11]) colonies were isolated, and the respective *modA11::kan, modA12::kan* and *modD1::kan* knockout mutants were generated previously ([@B8],[@B11]). *N. meningitidis* strains were grown on Brain Heart Infusion (BHI, Oxoid) 1% agar and 10% Levinthal\'s Base medium at 37°C with 5% CO~2~, with either kanamycin (kan) (100 μg/ml) or chloramphenicol (cm) (5 μg/ml) as required. *Escherichia coli* strains were cultured with Luria-Bertani medium (Difco), with ampicillin or kanamycin (100 μg/ml) as required.

Generation of the ModA11 locked ON (ON_1R) strain {#SEC2-2}
-------------------------------------------------

The wild-type *modA11* gene (*nmb1375*) was amplified by polymerase chain reaction (PCR) from MC58 genomic DNA with 19 repeats (using primers ModA_F/ ModA_R, Table [2](#tbl2){ref-type="table"}) and cloned into the pETSUMO expression vector (Life technologies, USA). Using site-directed mutagenesis, the pETSUMO*modA11*\_1R construct was generated in which *modA11* contains only a single repeat unit (using primers ModA_1R_F / ModA_1R_R, Table [2](#tbl2){ref-type="table"}). This construct was linearized with BstXI and transformed into MC58 *modA11::kan* by homologous recombination to generate strain MC58 *modA11* ON_1R. Colonies that lost kanamycin resistance were selected. Transformants containing one repeat in *modA11* were then confirmed by GeneScan fragment length analysis (Applied Biosystems, CA, USA) ([@B8]) and sequencing.

###### Primers used in this study

  Primers                Sequences (5′-3′)
  ---------------------- ----------------------------------------------------------------------------------------
  Him3                   CAAAAAAGCCGGTCAATTCATCAAA
  6Fam-Him1              \[6FAM\]ATGGCGGACAAAGCACCGAAGG
  ModA_F                 ATGAAGACAGACATTCAAACCGAATTAACC
  ModA_R                 TTATTCGCCATCTTTTTTCTCCGCTTGATT
  ModA_1R_F              CACCGAGGAAGGCGAAGAAATTTATTTTAAACGCAATAACAGCCAAAGACAAGAAATCTTTTTTAATCAAACCCTTGCTTTTGATG
  ModA_1R_R              CATCAAAAGCAAGGGTTTGATTAAAAAAGATTTCTTGTCTTTGGCTGTTATTGCGTTTAAAATAAATTCTTCGCCTTCCTCGGTG
  CmGFP_For              CTCGAGTGGAGCGCAGCAGCGCGACCTAAGCCGGCC
  ModA11AluIF            CAGCTACCAAACGAGCCT
  ModA11AluIR            GCAGCTGCAGATAAGGAA
  **A**CGCAC_Rev         AGCTGCG**[T]{.ul}**TACCGCTTCGCCTGCTGGCTTCGCT
  **G**CGCAG_Rev         AGCTGCG**[C]{.ul}**TACCGCTTCGCCTGCTGGCTTCGCT
  **C**CGCAG_Rev         AGCTGCG**[G]{.ul}**TACCGCTTCGCCTGCTGGCTTCGCT
  **T**CGCAG_Rev         AGCTGCG**[A]{.ul}**TACCGCTTCGCCTGCTGGCTTCGCT
  T**T**GCAG_Rev         AGCTGC**[A]{.ul}**ATACCGCTTCGCCTGCTGGCTTCGCT
  TC**A**CAG_Rev         AGCTG**[T]{.ul}**GATACCGCTTCGCCTGCTGGCTTCGCT
  TCG**T**AG_Rev         AGCT**[A]{.ul}**CGATACCGCTTCGCCTGCTGGCTTCGCT
  CmGFP_SeqF             GGCTCATGTTGTATCTCGAAACCCCCG
  CmGFP_SeqR             GATGAGTTGCTTTGTTCGCTTTTCGGC
  6Fam-ModDRepF          \[6FAM\]GATGGAAGACGCAATTATGGC
  ModDRepR               CGAAGTCTTTTGTGAAGACCA
  cutF                   ACGTCGGACGACTACATCGTTAC
  cutR                   GTTGACCATATATTCGATAG
  pUC19 F1               ATCTGCGCTCTGCTGAAGCC
  pUC19 F2               AAACAAACCACCGCTGGTAG
  pUC19 F3               AAAAATCGACGCTCAAGTCA
  pUC19 R1               GTTCCACTGAGCGTCAGACC
  pUC19 R2               ACCAAATACTGTCCTTCTAG
  M.Nme18orf1310 exp_F   TGCCTGCAGTTAAGGTTTAACATATGAAGGCAGACATTCAAACCGAATTAACC
  M.Nme18orf1310 exp_R   TCTAGATCTTCCCCGGGGATCCTTATTATTCGCCATCTTTTTTCTCCGCTTGA

Bold underlined letters correspond to nucleotides that were mutated.

Generation of the *E. coli* ModA12 strain {#SEC2-3}
-----------------------------------------

The wild-type *modA12* gene (*nmc1310*) was PCR amplified from FAM18 genomic DNA (using primers M.Nme18orf1310exp_F and M.Nme18orf1310exp_R, Table [2](#tbl2){ref-type="table"}) and cloned into the pRRS expression vector (NEB, Ipswich, MA, USA). The expression construct pRRS-*modA12* was transformed into the *E. coli* methylation deficient (dam-, dcm-) strain ER2796 (NEB; GenBank Accession: CP009644.1).

Analysis of Mod expression {#SEC2-4}
--------------------------

The length of the *mod* repeats, and the percentage of each fragment length, were determined by GeneScan fragment length analysis as previously described ([@B8],[@B11]). Primer pairs 6Fam-Him1 / Him3 and 6Fam-ModDRepF / ModDRepR were used to amplify the repeat regions of *modA* and *modD*, respectively (Table [2](#tbl2){ref-type="table"}). Western blot analysis of Mod expression in whole cell lysates of meningococci strains was performed as previously described ([@B19]) using ModA ([@B8]) or ModD ([@B11]) antibodies.

Restriction inhibition assays {#SEC2-5}
-----------------------------

Chromosomal DNA was extracted from MC58 (*modA11* ON, *modA11::kan* and *modA11* ON_1R) and M0579 (*modD1* ON and *modD1::kan*) and digested overnight with AluI for ModA11, and HincII/AluI for ModD1. Digested fragments were separated on 1--1.8% agarose gels in Tris-borate-EDTA (TBE) buffer at 100 V for 1--2 h and visualized by UV illumination. Southern transfer was performed as described by ([@B20]), and hybridization and detection was performed using digoxigenin (DIG)-labeled (Roche, USA) PCR products as probes, according to the manufacturer\'s instructions. Probes were amplified using the primer pairs ModA11AluIF / ModA11AluIR for ModA11, and cutF / cutR for ModD1 (Table [2](#tbl2){ref-type="table"}). Plasmid pCmGFP was extracted from C311\#3 ([@B21]) and primers used for site-directed mutagenesis of pCmGFP are listed in Table [2](#tbl2){ref-type="table"}. All restriction endonucleases were from New England Biolabs Inc. (NEB).

ModA11 protein expression and purification {#SEC2-6}
------------------------------------------

The pETSUMO*modA11*\_1R construct (see above) was sequenced and transformed into BL21(DE3) competent cells. After induction with 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG), the recombinant ModA11 protein with its N-terminal His6-SUMO tag was expressed at 20°C for 16 h and pelleted by centrifugation at 7000 rpm for 30 min. The cell pellet was resuspended in 100 ml lysis buffer (50 mM Tris--HCl, pH 8.0, 200 mM NaCl, 5 mM imidazole) and disrupted using a French press (30 000 psi; Sim-Aminco, USA). The total cell lysate was centrifuged at 20000 rpm for 40 min and the soluble recombinant ModA11 protein was purified by immobilized metal--ion chromatography with a Ni-NTA column (Amersham, USA). The 50 ml solution containing the His6-SUMO-ModA11 protein was dialyzed against cleavage buffer (50 mM Tris--HCl, pH 8.0, 100 mM NaCl). Ten units of ULP-1 protease (Life technologies, USA) were added to remove His6-SUMO. The resulting ModA11 protein solution was re-loaded onto a Ni-NTA column to remove uncleaved proteins and the cleaved His6-SUMO tag. The flow-through was collected and dialyzed against storage buffer (30 mM HEPES, pH 7.0, 50 mM NaCl, 2 mM TCEP) and the protein (approx. 10 mg/ml) was stored at -80°C.

*In vitro* methylation {#SEC2-7}
----------------------

All methylation assays monitored the incorporation of tritiated methyl (^3^H) groups into DNA by using a modified ion exchange filter-binding assay ([@B22]). Methylation assays were carried out in a reaction mixture (20 μl) containing DNA (pUC19 plasmid DNA, fragments of pUC19 plasmid DNA obtained by restriction digestion or PCR amplification, or duplex DNA (15 μM), with a single recognition sequence or modified recognition sequence (Supplementary Table S1)), \[3H\]Ado-Met (5 μM) (specific activity 66 Ci.mmol^−1^) and purified protein (2 μM) in the reaction buffer (10 mM Tris/HCl, pH 8.0, 5 mM β-mercaptoethanol). After incubation at 37°C for 30 min, the reactions were stopped by snap-freezing in liquid nitrogen. Data were analyzed and compared to time 0 min and measurements after incubation in the absence of enzyme was subtracted. All methylation experiments were carried out at least in triplicate and the results were averaged.

Methylome determination by SMRT sequencing {#SEC2-8}
------------------------------------------

Meningococcal strains were grown overnight on BHI agar, and genomic DNA extracted using the QIAGEN Genomic-tip 20/G kit as per the manufacturer\'s instructions. SMRTbell libraries were prepared as previously described ([@B23]) according to the manufacturer\'s instructions (PacBio, CA, USA). Briefly, genomic DNA was sheared to an average length of approximately 10 kb using g-TUBEs (Covaris; Woburn, MA, USA), treated with DNA damage repair mix, end repaired and ligated to hairpin adapters. Incompletely formed SMRTbell templates were digested using Exonuclease III (NEB) and Exonuclease VII (Affymetrix; Cleveland, OH, USA). Sequencing was carried out on the PacBio RS II (Menlo Park, CA, USA) using standard protocols for long insert libraries. Methylome data and evidence supporting the identification of the ModA11, ModA12 and ModD1 specificities have been reported to REBASE.

Bioinformatic analysis {#SEC2-9}
----------------------

The whole genome sequences determined by SMRT sequencing were annotated using the Prokka bacterial genome annotation tools (Prokaryotic Genome Annotation System, <http://vicbioinformatics.com/>) and the prepared file submitted to GenBank. The accession numbers for the annotated genomes are CP007667 for strain B6116/77 and CP007668 for strain M0579. The other strains investigated, MC58 (AE002098) and FAM18 (AM421808), were sequenced previously. The methylation sites were identified by SMRT sequencing and their location and relation to genome features were analyzed using perl, the R statistical package ([@B24]) and Artemis ([@B25]).

RESULTS {#SEC3}
=======

Phase variable DNA methyltransferases of *N. meningitidis* {#SEC3-1}
----------------------------------------------------------

In this study three key phase variable DNA methyltransferases of *N. meningitidis*, ModA11, ModA12 and ModD1 (Figure [1](#F1){ref-type="fig"}) are investigated to determine their DNA methylation sites to aid future mechanistic studies on the mechanism of epigenetic gene regulation. The *modA11* and *modA12* coding regions contain a tract of 5′-AGCC-3′ tetranucleotide repeats that mediate phase variation ([@B8]). These genes share a high degree of identity (94%) along the length of the ModA deduced amino acid sequence, excluding the central variable DNA recognition domain that shares only 18/33% identity/similarity (Figure [1A](#F1){ref-type="fig"} and [B](#F1){ref-type="fig"} (i)). The DNA recognition domain, which binds DNA and dictates sequence specificity ([@B26]), defines the different Mod alleles. In previous studies ModA11 and ModA12 were found to regulate the expression of different sets of genes, consistent with differences in their DNA recognition domain ([@B8]). ModA11 and ModA12 are present in 17.8% and 78.5% of meningococcal clinical isolates examined, respectively ([@B8]). ModD1, on the other hand, contains a 5′-ACCGA-3′ pentanucleotide repeat tract in the *modD* coding sequence that mediates phase variation, and is only distantly related to ModA, sharing only ∼18/31% identity/similarity to the deduced amino acid sequence of ModA alleles in both the DNA recognition domain and the flanking regions. ModD1 is significantly associated with isolates of the hypervirulent clonal complex (cc) 41/44 and has been identified in 74% of cc41/44 clinical isolates examined ([@B11]) (Figure [1C](#F1){ref-type="fig"} (i)).

![Diagrammatical representation of (**A**) *modA11*, (**B**) *modA12* and (**C**) *modD1* alleles of *N. meningitidis* and their expression status. (i) Schematic representation of the methyltransferase (*mod*) gene showing the DNA repeat tract responsible for phase variable expression, the variable DNA recognition domain (DRD), the PCR primers (arrowheads) used for GeneScan fragment length analysis and the site of insertion of the kanamycin resistance gene (kan) in the *mod::kan* knockout strains. The distribution of the allele in clinical isolates is shown on the right. (ii) Western blot analysis confirming Mod expression in whole-cell lysates of the natural *mod* ON strain (ON) and the locked ON strain with 1 repeat (ON_1R), and the absence of Mod expression in the *mod::kan* knockout (ko) strain. A Coomassie stained SDS-PAGE gel of the same samples is shown on the right. (iii). GeneScan fragment length analysis of samples used for SMRT analysis, showing the different fragment lengths (corresponding to different numbers of repeats) and their relative abundance in the sample.](gkv219fig1){#F1}

We used *N. meningitidis* strains MC58, B6116/77 and M0579 in our studies to identify the DNA methylation sites of ModA11, ModA12 and ModD1, respectively. Isogenic mutants of each of these strains were generated by insertion of a kanamycin resistance cassette into the open reading frame of the *mod* genes (Figure [1A](#F1){ref-type="fig"}--[C](#F1){ref-type="fig"} (i)). Western blot analysis confirmed the expression of Mod in the wild-type ON strains, and the absence of expression in the mutant strains (Figure [1A](#F1){ref-type="fig"}--[C](#F1){ref-type="fig"} (ii)). Each of the wild-type strains were screened to isolate samples enriched for the respective *mod* gene phase varied ON, resulting in populations that were 86%, 82% and 91% Mod ON for *modA11, modA12* and *modD1*, respectively (Figure [1A](#F1){ref-type="fig"}--[C](#F1){ref-type="fig"} (iii)). The Mod ON expression status of wild-type samples used in subsequent experiments was also verified by GeneScan fragment length analysis to determine the length of the phase variable repeat tract, and the percentage of the population containing each fragment length as previously described ([@B8],[@B11]).

Identification of Mod target sites {#SEC3-2}
----------------------------------

### Restriction inhibition analysis {#SEC3-2-1}

Initial studies to determine the ModA11, ModA12 and ModD1 methylation target sites were based on inhibition of DNA restriction, as previously performed for ModA13 ([@B8]). Genomic or pCmGFP plasmid DNA was isolated from *N. meningitidis modA11, modA12* and *modD1* ON strains and their corresponding *mod::kan* knockout mutants, and was digested with a range of restriction enzymes known to be inhibited by methylation of an adenine within their recognition sequence, as listed in REBASE ([@B27]). Differences in digestion patterns between DNA extracted from *mod* ON cells (Mod methylated DNA) and *mod::kan* cells (DNA not methylated by Mod) may indicate an overlap of the respective Mod methylated target and the restriction enzyme used. Unfortunately, no such fortuitous inhibition pairs were seen with the *modA11, modA12* and *modD1* strains (data not shown).

*In vitro* methyl ^3^H labeling {#SEC3-3}
-------------------------------

The next approach to identify the ModA11 recognition site utilized an *in vitro* methylation assay to monitor the incorporation of tritiated methyl (^3^H) groups into DNA. Recombinant ModA11 methyltransferase was expressed, purified and used to investigate the transfer of ^3^H-labeled methyl groups from \[methyl-^3^H\]AdoMet to adenine of a potential ModA11 recognition sequence in pUC19 plasmid DNA or fragments of pUC19 obtained using different combinations of restriction enzymes. A pUC19 fragment, obtained from EcoRI and BsrFI digestion, showed significant methylation, and this fragment was then used as a template to PCR amplify different sub-fragments (see Table [2](#tbl2){ref-type="table"} for primers sequence), and determine their methylation state. Based on the sequence of pUC19 sub-fragments showing methylation, a number of duplexes were designed for further investigation. Significant methylation of duplex MODA11--1 was observed, which contains the sequence 5′- GCGCAG-3′ that is common to the smallest sub-fragment of pUC19 that was methylated (product of primers pUC19 F2/ pUC19 R1). The remaining duplexes were designed based on MODA11--1, and ModA11 was found to methylate duplexes that contained both 5′-TCGCAG-3′ and 5′-GCGCAG-3′ sequences (Supplementary Table S1). However, replacement of the 5′-end 'T' (MODA11--9) with 'G' (MODA11--11) led to a 100-fold lower methylation activity. The kinetic parameters for ModA11 methylation are shown in Supplementary Table S2. This analysis indicated that ModA11 methylates the core site 5′-CGC**^m6^A**G-3′.

To confirm the ModA11 recognition sequences observed by *in vitro* methylation assays, a restriction inhibition assay was performed using the commercially available methyl-sensitive restriction enzyme AluI (recognizes and cleaves 5′-AGCT-3′, but not 5′-^m6^AGCT-3′, sites), which overlaps with the 5′-GCG^m6^AG-3′ ModA11 methylation sequence at several sites in the genome (Figure [2A](#F2){ref-type="fig"}). Southern blot analysis revealed that genomic DNA from MC58 *modA11* ON and MC58 *modA11* ON_1R (a strain constructed to contain 1 repeat in ModA11, which is locked ON and unable to phase vary), but not *modA11::kan*, were partially protected against AluI digestion, confirming that ModA11 methylates the proposed recognition sites 5′-CGC**^m6^A**G-3′ (Figure [2B](#F2){ref-type="fig"}). To further investigate the flexibility of the methylation site that was seen in the *in vitro* methylation assays described above, the *Neisseria* spp. specific plasmid pCmGFP was used as a template to construct a panel of alternative versions of the proposed ModA11 recognition site with different bases either within, or at the flanking 5′ end of, the 5′-CGC**^m6^A**G-3′ site (Figure [2C](#F2){ref-type="fig"}). Seven plasmids were constructed and transformed into MC58 *modA11* ON_1R and MC58 *modA11::kan* strains. AluI digestion of these constructs revealed that base alterations flanking the 5′ end of 5′-CGC**^m6^A**G-3′ maintained ModA11 methylation, and DNA was partially protected against AluI digestion (Figure [2C](#F2){ref-type="fig"}, lanes 1--4). However, alterations to the central sequence 5′-CGCAG-3′ resulted in a decrease or loss of ModA11 methylation (Figure [2C](#F2){ref-type="fig"}, lanes 5--7) and confirmed this core, invariant component of the target sequence. Incomplete protection was observed in the construct containing 5′-CGTAG-3′ (lane 7) indicating that this site may be partially methylated.

![Identification of the (A--D) ModA11 5′-CGC^m6^AG-3′ and (E) ModA12 5′-AC^m6^ACC-3′ methylation sites. (**A**) Overview of the restriction inhibition assay used to confirm the ModA11 methylation site. The location of 3 methyl-sensitive AluI restriction enzyme sites within the probed region of the genome, and the size of fragments that are generated if the DNA is methylated at the middle AluI site or non-methylated, are shown. AluI recognizes the sequence 5′-AGCT-3′ but does not cut if the adenine is methylated in the overlapping ModA11 methylation site 5′-CGC^m6^AG-3′. (**B**) Southern blot and DNA agarose gel of AluI digested genomic DNA from MC58 *modA11* ON, *modA11* ON_1R (1R) and *modA11::kan* (ko) strains. The ModA11 recognition site, 5′-CGCAG-3′, is methylated in the MC58 *modA11* ON and *modA11* ON_1R and is protected from digestion by AluI. (**C**) Seven constructs were made containing alterations to the 5′-CGCAG-3′ sequence overlapping of one of the AluI digestion sites in the pCmGFP plasmid (sites are shown on the left). The DNA gel on the right shows AluI digests of the pCmGFP constructs from *modA11* ON_1R (1R) and *modA11::kan* (ko) strains, where an undigested 1.561 kb fragment is seen when the site is methylated and partially protected from digestion. When unmethylated, bands of 1067 bp and 494 bp (shown by arrows on the right). (**D**) Methylated sequences identified by SMRT sequencing in the MC58 *modA11* ON, *modA11* ON_1R and *modA11::kan* strains. The % (number) of sites that are detected as methylated in the genome are shown. Assignment of the name is based on direct evidence \[M.NmeMC58I (ModA11) encoded by *nmb1375*\] or homology \[M.NmeMC58II\]. (**E**) Methylated sequences identified by SMRT sequencing in B6116/77 *modA12 ON* and *modA12::kan* strains. Underlined sequence represents methylation on opposite strand. Assignment of the name is based on direct evidence \[M.Nme77I (ModA12) encoded by *B6116/77_01703/01704*\] or homology \[M.Nme77II\]. ND, not determined; no methyltransferase could be reliably assigned as responsible for methylation of this site. \* ModA12 site confirmed by expression in *E. coli* ER2796, with 99.78% (8,349/8,367) of 5′-AC^m6^ACC-3′ sites detected as methylated in the genome.](gkv219fig2){#F2}

SMRT methylome analysis {#SEC3-4}
-----------------------

At this stage in the study, SMRT methylome analysis was described as a rapid method to identify methylation sites in microbial genomes ([@B23]). We applied this method to all three strains of interest, sequencing the genomic DNA from both the *mod* ON and *mod::kan* knockout strains of MC58, B6166/77 and M0579 (Figure [1](#F1){ref-type="fig"}). This process involved complete *de novo* assembly of strains B6116/77 and M0579, and the genome sequences of these strains are deposited in GenBank (accession numbers CP007667 and CP007668, respectively). The N^6^-methyladenine (^m6^A) and N^4^-methycytosine (^m4^C) bases in these genomes were identified by their kinetic signatures and these were then aligned and clustered to identify the motifs that constitute the consensus recognition sequences for the active methyltransferases in these strains. Table [1](#tbl1){ref-type="table"}, Figures [2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"} and Supplementary Figure S1 show a summary of results from SMRT sequencing, and details are given in the following sections.

![Identification of the ModD1 5′-CC^m6^AGC-3′ methylation site. (**A**) Methylated sequences identified by SMRT sequencing in M0579 *modD1* ON and *modD1::kan* strains. The % (number) of sites that are detected as methylated in the genome are shown. '\#'; the reduced level of ModA12 methylation is due to a lower % of ModA12 ON in the *modD1* ON versus *modD1::kan* strain. Assignment of the name is based on direct evidence \[M.NmeM579I (ModD1) encoded by *M0579_01779*\] or homology \[M.Nme579II (ModA12), M.Nme579III and M2.Nme579IV\]. (**B**) Overview of the restriction inhibition assay used. Location of a methyl-sensitive AluI restriction enzyme site between 2 HincII sites in the genome, and the size of fragments that are generated using these 2 restriction enzymes if the DNA is methylated at the AluI site (^m6^A) or is not methylated (A), are shown. AluI recognizes the sequence 5′-AGCT-3′ but does not cut if the adenine is methylated in the overlapping ModD1 methylation site 5′-CC^m6^AGC-3′. (**C**) Southern blot and DNA agarose gel of AluI/HincII digested genomic DNA from M0579 ModD1 ON and Δ*modD1::kan* (ko) strains. ModD1 recognition site, 5′-CCAGC-3′, is methylated in the M0579 ON strain and is protected from digestion by AluI. (**D**) Overview of the pCm-GFP plasmid restriction inhibition assay used. Location of a methyl-sensitive PvuII restriction enzyme site between a SacI and PvuII sites in the pCm-GFP plasmid, and the sizes generated using these two restriction enzymes if the DNA is methylated at the central PvuII site (m6A) or is not methylated (A), are shown. The overlapping PvuII-ModD1 methylation site is symmetrical, and '\*' indicates methylation on the opposite strand. (**E**) DNA agarose gel of PvuII/SacI digested pCm-GFP DNA from M0579 ModD1 ON and *modD1::kan* (ko) strains. ModD1 recognition site, 5′-CCAGC-3′, is methylated in the M0579 ON strain and is protected from digestion by PvuII.](gkv219fig3){#F3}

ModA11 methylates 5′-CGY^m6^AG-3′ {#SEC3-5}
---------------------------------

The MC58 *modA11* ON and MC58 *modA11::kan* genomes were subjected to SMRT sequencing, which was mapped to the available MC58 genome (GenBank AE002098.2, which is actually the acapsulate mutant strain derived from MC58 called MC58¢3 ([@B28])). Two distinct methylation patterns were detected in MC58 *modA11* ON; 5′-G**^m6^A**CGC-3′ and 5′-CGY**^m6^A**G-3′ (Figure [2D](#F2){ref-type="fig"}). The methyltransferase responsible for methylating the site 5′-G**^m6^A**CGC-3′ was identified as M.NmeMC58II based on homology searches. Comparison of the *modA11* ON and the *modA11::kan* strains indicated that ModA11 (M.NmeMC58I) is responsible for methylation of ^m6^A residues in the sequence 5′-CGY**^m6^A**G-3′ (Figure [2D](#F2){ref-type="fig"}, Table [1](#tbl1){ref-type="table"}), which is consistent with the site identified by *in vitro* methylation (above). However, only 8% (672/7957) of these sites in the genome were detected as methylated by ModA11 in the *modA11* ON strain. In order to determine whether this low rate of methylation was due to a low portion of the sample having ModA11 ON (original sample was 86% ON as determined by GeneScan fragment length analysis, Figure [1A](#F1){ref-type="fig"}), the MC58 *modA11* ON_1R strain in which the *modA11* is unable to phase vary was also investigated. SMRT sequencing and methylome analysis of the ModA11 ON_1R strain showed that 46% (3618/7957) of 5′-CGY^m6^AG-3′ sites in the genome were detected as methylated (Figure [2D](#F2){ref-type="fig"}), with 5′-CGT^m6^AG-3′ (58.2%) having a slightly higher methylation rate than 5′-CGC^m6^AG-3′ (41.3%) (Table [3](#tbl3){ref-type="table"}).

###### Distribution and methylation state of ModA11 5′-nCGY^m6^AGn-3′ recognition sites in the genome of *N. meningitidis* MC58

![](gkv219tbl3)

More detailed analysis of the methylome data, taking into account all possible 5′ and 3′ flanking nucleotides and sub-sequences, revealed a complex and variable 7 base pair target sequence for ModA11. All sites with the sequence 5′-[n]{.ul}CGY^m6^AG[n]{.ul}-3′ were detected as methylated but the efficiency of methylation varied from ∼5 to 100% and was dependent on which of the central C or T residues was present in combination with the flanking residues (where [n]{.ul} = A, C, G, or T, with variable methylation efficacy based on the combination of bases present). For example, 4.6% of 5′-[G]{.ul}CGT**A**G[G]{.ul}-3′ sites were detected as methylated compared to 100% of 5′-[A]{.ul}CGT**A**G[G]{.ul}-3′ sites. Adenine at the 5′ end of 5′-[n]{.ul}CGY**A**G[n]{.ul}-3′ resulted in the highest level (85.1%) of ModA11 methylation, while guanine had the lowest level (18.6%). Thymine at the 3′ end of 5′-[n]{.ul}CGY**A**G[n]{.ul}-3′ resulted in the highest methylation level (70.5%) compared to the other three bases (29.4--50.8%) (Table [3](#tbl3){ref-type="table"}).

ModA12 methylates 5′-AC^m6^ACC-3′ {#SEC3-6}
---------------------------------

SMRT sequencing and *de novo* assembly of B6116/77 *modA12* ON and B6116/77 *modA12::kan* resulted in a closed genome for each strain (2,187,672 and 2,188,817 bp, respectively). Three distinct methylation patterns were detected in B6116/77 *modA12* ON; 5′-G**^m6^A**[T]{.ul}C-3′, 5′-GA**^m6^A**GG-3′ and 5′-AC**^m6^A**CC-3′ (Figure [2E](#F2){ref-type="fig"}, underlining indicates methylated base on opposite DNA strand). The site 5′-G^m6^A[T]{.ul}C-3′ is methylated by the DNA adenine methyltransferase (Dam) ([@B29]) but could not be attributed to a specific methyltransferase. The methyltransferase responsible for methylating the site 5′-GA**^m6^A**GG-3′ is predicted to be encoded by M.Nme77II based on similarities in REBASE. From comparison of the *modA12* ON and the *modA12::kan* strains, it is clear that ModA12 (M.Nme77I) is active and modifies the second A residue in the sequence 5′-AC**^m6^A**CC-3′ (Figure [2E](#F2){ref-type="fig"}, Table [1](#tbl1){ref-type="table"}). SMRT sequencing of another *N. meningitidis* strain containing ModA12, FAM18 detected the same three distinct methylation patterns as detected in B6116/77 *modA12* ON (Supplementary Table S3). Unfortunately, no restriction enzyme is commercially available that overlaps with the ModA12 methylation site, so methylation inhibition experiments to confirm the ModA12 site determined by SMRT sequencing could not be performed. Therefore, the ModA12 methylation site was confirmed by expressing ModA12 in the *E. coli* methylation deficient strain ER2796. Only one methylation pattern was detected by SMRT sequencing of genomic DNA isolated from ER2796-*modA12*; 99.78% (8,349/8,367) of 5′-AC**^m6^A**CC-3′ sites were detected as methylated in the genome.

ModD1 methylates 5′-CC^m6^AGC-3′ {#SEC3-7}
--------------------------------

The M0579 m*odD1* ON and the *modD1::kan* genomes were subjected to SMRT sequencing, and *de novo* assembly resulted in a closed genome for each strain (2,324,822 bp and 2,326,237 bp, respectively). Four distinct methylation patterns were detected in M0579 *modD1* ON; 5′-AC**^m6^A**CC-3′, 5′-A[G]{.ul}TA**^m4^C**T-3′, 5′-G**^m6^A**CGC-3′ and 5′-CC**^m6^A**GC-3′ (Figure [3A](#F3){ref-type="fig"}). ModA12 (M.Nme579II) is responsible for methylating the sequence 5′-AC**^m6^A**CC-3′ (as described above), the site 5′-A[G]{.ul}TA ^m4^**C**T-3′ is methylated by M.Nme579III (based on homology to M.NmeSI ([@B30])), and 5′-G**^m6^A**CGC-3′ by M2.Nme579IV (based on homology).

From comparison of the *modD1* ON and the *modD1::kan* strains, it is clear that ModD1 (M.NmeM579I) is active and forms ^m6^A residues in the sequence 5′-CC**^m6^A**GC-3′ (Figure [3](#F3){ref-type="fig"}, Table [1](#tbl1){ref-type="table"}). To confirm the ModD1 DNA methylation site, Southern blot analysis was performed on genomic DNA, isolated from M0579 *modD1* ON and *modD1::kan* and digested with the methyl-sensitive restriction enzyme AluI (as described above for ModA11). Some AluI sites in the genome overlap with the 5′-CC^m6^AGC-3′ ModD1 methylation site (Figure [3B](#F3){ref-type="fig"}). Digestion of one such region with HincII and AluI results in 872 and 252 bp fragments when unmethylated, or a 1,130 bp fragment if ModD1 methylation interferes with AluI cleavage. Partial inhibition of DNA digested by AluI at the site investigated is seen in *modD1* ON (Figure [3C](#F3){ref-type="fig"}), confirming the ModD1 methylation site. This ModD1 site was also confirmed using pCmGFP plasmid DNA isolated from M0579 *modD1* ON and *modD1::kan* strains that was digested with the methyl-sensitive restriction enzyme PvuII, which also overlaps the ModD1 methylation site (Figure [3D](#F3){ref-type="fig"} and [E](#F3){ref-type="fig"}).

Distribution of ModA and ModD methylation sites in the *N. meningitidis* genomes {#SEC3-8}
--------------------------------------------------------------------------------

Bioinformatic analysis of the recognition sequences methylated by ModA11, ModA12 and ModD1 shows that they are distributed widely throughout the respective genomes, as may be expected for 5 base pair recognition sequences with high %GC content. They are present both within ORFs and intergenic regions, and there is no clear bias for their location. For example, in the case of ModA12, 90.5% (3,591/3,969) of the 5′-ACAGC-3′ sites present in the genome were detected as methylated. Of the methylated sites, 11.7% are in intergenic regions (419/3,591), and intergenic regions comprise 18.3% of the genome. The intergenic regions have a lower %GC than coding regions (44% versus 51.66%), which may account for lower frequency of 5′-ACAGC-3′ sites (60% GC) in these locations. For ModD1, 97.4% (4,914/5,043) of the 5′-CCAGC-3′ sites present in the genome were detected as methylated. Of the methylated sites, 4.7% are in intergenic regions (238/4,914), and intergenic regions comprise 18% of the genome (80% GC).

In several cases, methylated sites are present in the intergenic regions of genes that have been shown to be differentially expressed in the respective ModA11, ModA12 ([@B7]) and ModD1 ([@B11]), phasevarions (Supplementary Figures S2--S4). These data provide the basis for future studies to determine how changes in DNA methylation regulate expression of these genes.

DISCUSSION {#SEC4}
==========

Random switching of gene expression (phase variation) in host adapted bacterial pathogens is an established mechanism of altering expression of individual genes and in most cases results in the ON/OFF switching of expression of a single protein with a limited phenotypic effect ([@B1]). The combination of many such loci can generate a diverse population of individuals, however the accumulation of substantially distinct phenotypes requires many stepwise changes in the hypermutable loci that control the expression of individual genes. However, it has been discovered that a wide range of host adapted Gram-negative bacterial pathogens contain DNA methyltransferases (Mod) that are also subject to phase variation. The finding that global changes in methylation patterns that result from Mod switching can change global patterns of gene expression has elevated the status of these phase variable methyltransferases to global regulators ([@B2],[@B7]--[@B8],[@B11]). The key to examining the role of DNA methylation in the gene regulation events that underpin virulence and immunoevasion phenotypes is the identification of the sequence and location of the sites that are modified by these DNA methyltransferases, the majority of which are unknown.

The identification of the ModA11, ModA12 and ModD1 methylation sites by SMRT methylome analysis will enable in-depth investigations of the mechanisms and outcome of epigenetic gene regulation in *N. meningitidis*. These Mods are N^6^-adenine DNA methyltransferases that are associated with Type III Restriction-Modification (R-M) systems. R-M systems are classified into four types based on their subunit organization, sequence recognition, the position of DNA hydrolysis/modification, cofactor requirements and substrate specificity ([@B31],[@B32]). Type III R-M systems consist of Mod and Res subunits, and Mod is responsible for recognition and methylation of short non-palindromic sequences. Res, when in complex with Mod, hydrolyzes unmethylated DNA approximately 25 bp from the recognition site (reviewed in [@B33]). The ModA12 and ModD1 recognition sequences are typical Type III Mod recognition sequences, in which one strand of a 5 bp non-palindromic sequence is methylated. As with similar SMRT studies ([@B14],[@B23],[@B34]), greater than 90% of the deduced target sites were detected as methylated in the native hosts. However, the ModA11 recognition sequence is a complex and variable 7 bp sequence. Essentially, a core 5 bp motif is present, with variable levels of methylation seen depending on the pyrimidine present at the central position (e.g. 58% methylation of 5′-nCGT^m6^**A**Gn-3′ versus 41% of 5′-nCGC^m6^**A**Gn-3′sites) as well as the combination of 5′ and 3′ flanking bases present (e.g. methylation ranges from 4.6% of 5′-gCGC^m6^**A**Gg-3′ to 100% of 5′-aCGT^m6^**A**Gg-3′ sites). Typically, both the Mod and Res of R-M systems are highly site-specific ([@B31]). While some studies have demonstrated promiscuous nonspecific or 'off-target' activity, this has been seen under non-native conditions and their biological relevance is unclear (e.g. during overexpression in *E. coli* ([@B23],[@B34]--[@B35]); the use of high concentrations of recombinant proteins to characterize 'star activity' ([@B36]--[@B38] and references therein); or direct attempts to engineer promiscuous activity ([@B39]--[@B41])). To the best of our knowledge, this is the first time that this type of promiscuity has been characterized for a DNA methyltransferase in its natural host, and has interesting implications in terms of its evolution and function.

The evolution of R-M systems and novel or promiscuous R-M recognition sequences has recently been reviewed, and in general it is assumed that for most types of R-M systems the evolution of novel specificities must involve the co-evolution of both components, since Res are toxic in the absence of their cognate Mod ([@B32]). However, there is likely to be less selective pressure on Type III R-M systems, such as ModA11, where DNA recognition by Res is dependent on the Mod. Furthermore, the Res associated with ModA11 contains a frameshift mutation and is non functional. Similarly, inactivating mutations have been identified within the *res* gene associated with *modA* in multiple strains of *H. influenzae* ([@B6]), and it appears that the restriction function has been lost and that Mod is dedicated to a gene regulation function.

The broad and variable specificity of ModA11 provides an added layer of depth and complexity to epigenetic regulation in *N. meningitidis*, and other organisms that may express similar DNA methylases. Given that meningococcal strains may contain up to three phase variable Mods (ModA, ModB and ModD) that switch ON/OFF independently, there are numerous potential combinations of *mod* gene expression, and as such of expression of genes within phasevarions. For example, in addition to the ModA and ModD proteins described herein, both the MC58 and M0579 genomes contain the *modB1* gene, whose product is known to methylate 5′-CCACC-3′ ([@B42]), while strain B6116/77 contains the *modB2*, which has an unknown target site. However, analysis of the SMRT genome sequences indicated that the *modB* alleles in these strains are phase varied OFF and not expressed. Furthermore, different levels of expression of each Mod are possible (i.e.% ON versus OFF), which may alter the methylation level in the genome. This ability to vary epigenetic signals greatly increases the adaptability of these organisms.

While epigenetic regulation in bacteria is well described, the specific mechanisms by which these phase variable DNA methylases mediate differential gene transcription are unknown. DNA methylation can directly regulate transcription by altering interaction of regulatory proteins with DNA-binding sites ([@B25]), and in each of the three Mods characterized here, modified sites were identified upstream of genes within the respective phasevarions (Supplemental Figure S2--S4). This information will guide future investigations of the molecular mechanism of regulation. However, epigenetic regulation may also be indirect and multifactorial, with expression of a regulator being affected, or expression of a protein in a tightly regulated system being affected resulting in altered expression of others protein in the same regulon. Indeed, methylation sites were only found near or within a subset of the genes regulated by the prophage encoded M.EcoGIII Mod in a pathogenic *E. coli* strain, suggesting that in many cases methylation affects gene expression indirectly ([@B34]).

Traditionally, it has been difficult, or impossible, to identify and study numerous DNA base modifications that exist in nature, including N^6^-adenine DNA methylation, which is the most common modification within bacterial genomes ([@B43]). To date, the majority of studies have focused on 5-methylcytosine methylation in eukaryotes using indirect detection methods ([@B44]), or on trial and error approaches based on inhibition of DNA restriction to identify N^6^-adenine methylation in prokaryotes (e.g. [@B8]). However, the ongoing development of PacBio\'s SMRT DNA sequencing method has recently opened the field of bacterial epigenomics with the possibility of genome-wide mapping of methylated sites ([@B45]). SMRT methylome analysis detects the rate of DNA base incorporation during sequencing of native unamplified double-stranded input DNA, enabling the identification of a broad spectrum of DNA base modifications, including strand specific N^6^-methyladenines (^m6^A) and N^4^-methylcytosines (^m4^C) that are associated with reliable, robust kinetic signatures ([@B44]). For both ModA11 and ModD1, the 6mA sites identified by SMRT sequencing were validated by traditional methods including *in vitro* methylation and restriction enzyme inhibition assays. However, these traditional methods of DNA methylation detection would not have been sufficient to enable the characterization of the flexible ModA11 site. SMRT sequencing is increasingly being used to rapidly identify methylation sites in bacterial genomes ([@B5],[@B10],[@B14],[@B23],[@B46],[@B47]), and has paved the way for an increased understanding of bacterial epigenetic gene regulation and its role in pathogenesis.
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